Objective To assess whether risk of severe maternal morbidity at delivery differs for women who conceived using assisted reproductive technology (ART), compared with those with a spontaneous conception.
Introduction
When discussing the safety issues of assisted reproductive technology (ART), reproductive medicine specialists have focused mainly on the health risks caused by the treatments of infertility, detrimental consequences of multiple gestations resulting from the transfer of several in vitro fertilised embryos, and follow-up data of the children conceived with these procedures. It is noteworthy that reports of national ART surveillance systems both from the USA and from Europe restrict the analysis of safety outcomes to a narrow set of adverse events, including multiple births, low-birthweight infants, and preterm delivery, without any consideration of maternal health. [1] [2] [3] Thirty-five years after the birth of first infant conceived with ART, the time has come to take stock with a critical eye and look beyond success rates of fertility treatments and perinatal outcomes. Indeed, recent data have suggested that the odds of severe maternal morbidity are 1.8 times higher among singleton ART pregnancies compared with non-ART pregnancies during the intrapartum and postpartum period. 4 This study used data derived from a commercially insured population, and relies on diagnosis codes (International Classification of Diseases, Ninth Revision, ICD-9 codes) to identify comorbidities and pregnancy complications; therefore, the reliability and generalisability of these results can be problematic as a result of the inherent limitations of the data source. 5 Moreover, studies using administrative data may be unable to control for all of the confounding or mediating factors. 6 To date, there is not a complete consensus on the criteria for defining severe maternal morbidity. The criteria used to identify severe morbidity cases based on specific disease entities often have too low a morbidity threshold to be called true potentially life-threatening conditions. 7 Over the last 20 years, a considerable body of research has focused on the near-miss concept as a useful approach for obtaining meaningful information regarding the determinants of maternal morbidity. The World Health Organization (WHO) recommends the use of organ-system dysfunction-based criteria for finding cases, because they have been tested and validated as being able to provide robust and reliable data. 8, 9 The purpose of this study was to investigate whether women who gave birth after undergoing ART are at higher risk of potentially life-threatening conditions and near-miss mortality, as defined by the WHO criteria, and if so, whether the association remains significant after controlling for known confounding factors.
Methods
This investigation was conducted at the Obstetrics Department of Del Ponte Hospital, University of Insubria, Italy, a teaching and tertiary referral centre for high-and low-risk obstetrics. The study cohort included consecutive women who delivered at our institution between January 2005 and December 2016. Maternal demographic and medical variables had been manually extracted from medical records and collected in a dedicated computerised research-quality database. The database is prospectively filled by dedicated staff to ensure accuracy and to minimise any missing data. It is assessed regularly to maintain its validity by direct comparison with the Registry of Births and the Hospital Discharge Data System.
Among the cases, potentially life-threatening conditions, maternal near-miss, and maternal death were directly identified in the database according to the WHO definition ( Figure S1 ). 8 Maternal characteristics, past medical history, previous obstetric history, obstetric complications, the need for blood transfusion, and any maternal intensive care unit (ICU) admissions were consistently recorded in the database. ART information was a mandatory variable of the database. We defined ART as any in vitro fertilisation (IVF) using autologous or donor oocytes and embryo transfer. Women undergoing a fertility treatment (ovulation induction or artificial insemination) that did not involve oocyte retrieval or embryo transfer were not considered as undergoing ART. The race classification of the patients in the cohort was defined by the method recommended by the National Institutes of Health notice number NOT-OD-15-089. 10 Immigrant status was defined as any person who is not a citizen or national of Italy but who is living permanently in Italy. This group also included refugee claimants. The list of comorbid conditions from the Charlson comorbidity index was used to standardise the reporting of preexisting diseases (diabetes, cancer, renal, pulmonary, and liver disease). 11 Women with heart disease were categorised according to the modified WHO classification of maternal cardiovascular risk. 12 Preterm birth was categorised as spontaneous or iatrogenic. Spontaneous preterm birth included women with spontaneous onset of labour and those with preterm prelabour rupture of membranes occurring <37 weeks of gestation. Severe pre-eclampsia was defined in accordance with the criteria of the American College of Obstetricians and Gynecologists. 13 Sepsis was defined using the criteria of the Third International Consensus Definitions for Sepsis and Septic Shock. 14 Endometritis was diagnosed by the presence of postpartum febrile morbidity associated with lower abdominal pain, uterine tenderness, or foul-smelling lochia. Postpartum haemorrhage was defined as any blood loss of >1000 ml within the first 24 hours after childbirth. Planned ICU admission to receive safe intrapartum care, without any significant intervention aside from observation, was not categorised as a life-threatening condition. Likewise, severe thrombocytopenia alone that did not require transfusion or ICU admission was not categorised as a near-miss event.
As the WHO definition of maternal near miss includes conditions that often coexist in women experiencing severe morbidity, for classification purposes two investigators (AC and JC) reviewed all cases that met more than one criterion for near-miss, in order to identify the key event that resulted in an adverse outcome.
Comparison of maternal characteristics and obstetric history between pregnancies with and those without ART was tested by the chi-square test or Fisher's exact test. Univariate and multivariable logistic regression analyses were performed to examine maternal and obstetric factors associated with the risk of near-miss occurrence and potentially life-threatening conditions. For the univariate analysis, the significance level of each factor was tested alone. For the multivariate analysis, we constructed two logistic regression models. In the first model, all clinical variables were entered simultaneously into the model to control for confounding. In the second model, backward selection was used to choose covariates from the set that gave the best prediction equation. The statistical analyses were conducted using SPSS STATISTICS 20.0 (IBM Corp, Armonk, NY, USA) and STATISTICAL ANALYSIS SYSTEM 9.4 (SAS Institute Inc, Cary, NC, USA).
At our institution, research involving the analysis of existing data, when there are not any identifiers linking individuals to the data, is exempt from formal Institutional Review Board approval.
Results
During the period of study 23 453 women gave birth in our maternity unit, 650 (2.8%) neonates of whom were conceived by ART. In the ART group, 557 (85.7%) pregnancies were conceived using IVF without oocyte donation and 93 (14.3%) resulted from IVF with oocyte donation. Maternal characteristics and medical and obstetric history in women undergoing ART and those with spontaneous conception are compared in Table 1 . ART mothers were more likely to be older than 35 years of age, white, Italian citizens, and nulliparous, compared with mothers with spontaneous pregnancies. No significant difference was found in the proportion of women with pre-existing disease between the ART group and the spontaneous conception group. Women in the ART group were more likely to have delivered twins and have a preterm birth (either spontaneous or iatrogenic). The caesarean delivery rate was more than twice as high in ART pregnancies compared with spontaneous pregnancies.
Among our total study population, we identified 1484 (6.3%) women who had some potentially life-threatening conditions and 78 (0.33%) women who had near-miss maternal morbidity. The only maternal death occurred in a 24-year-old primipara who died of a metastatic choriocarcinoma 2 weeks postpartum. The three most common potentially life-threatening conditions during in the intrapartum period were postpartum haemorrhage, followed by blood transfusion and prolonged hospital stay. The three most common causes of maternal near-miss cases were peripartum hysterectomy as a result of infection or haemorrhage, transfusion of ≥5 units of red blood cells, and cardiovascular dysfunction requiring the continuous use of vasoactive agents. Potentially life-threatening conditions and near-miss events during delivery by ART conception are detailed in Table 2 . The rate of having at least one severe maternal morbidity was significantly higher for ARTconceived pregnancies compared with non-ART conceptions (27.1 versus 5.7%, P < 0.0001 for potentially life-threatening conditions; 2.6 versus 0.3%, P < 0.0001 for near-miss events). Patient and pregnancy factors associated with potentially life-threatening events during delivery are displayed in Table 3 . After adjustment for maternal age, multiple gestation, parity, pre-existing maternal medical condition, previous caesarean deliveries, actual mode of delivery, onset of labour, and duration of gestation, the use of ART provided a significant independent contribution to the risk of potentially life-threatening conditions (adjusted odds ratio, aOR 3.51; 95% conficence interval, 95% CI 2.80-4.39, for ART with autologous oocytes; and aOR 6.42, 95% CI 4.11-10.04, for oocyte donation). After backward elimination to determine the optimal subset of variables that gave the best prediction, conception through oocyte donation was the HELLP, Hemolysis, Elevated Liver enzymes, and a Low Platelet count. *For near-miss maternal mortality, when a patient experienced more than one event, only the most severe occurrence was considered. The results of univariate and multivariable logistic regression analyses for the prediction of near-miss from maternal characteristics, medical history, and previous obstetric history are displayed in Table 4 . In the adjusted analysis, deliveries from ART-conceived pregnancies had 3.61 (95% CI 1.61-8.09) and 13.57 (95% CI 5.45-33.77) times higher odds of maternal near-miss than spontaneously conceived pregnancies, when homologous and donor oocytes were used, respectively. With a backward selection procedure, we found that donor egg ART is the strongest independent predictor of maternal near-miss (aOR 19.38, 95% CI 8.34-44.53).
Discussion

Main findings
The increasing use of ART makes the related safety aspects an important public health concern. Our findings suggest that pregnancy conceived following ART is associated with an increased risk of maternal near-miss and potentially lifethreatening conditions, and this risk is even higher in those cases conceived using donor oocytes. This is consistent with the results of two previous studies, 4, 6 based on large existing databases from the USA, demonstrating that singleton pregnancies conceived with ART are at increased risk of severe maternal morbidity. Martin et al. 4 used a nationally representative data sample of Americans with employer-provided health insurance, involving more than one million deliveries, whereas Belanoff et al. 6 linked ART treatment records to birth certificates and maternal and infant hospitalisation records occurring in Massachusetts, and included more than 450 000 deliveries. In both studies, the International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) diagnosis and procedure codes were used to identify a list of conditions that represent severe maternal morbidities. It has been shown that the use of definitions of severe maternal morbidity that rely on diagnosis codes may miss cases, and have a relatively low positive predictive value in identifying the women who actually experienced the greatest level of morbidity. 5 Moreover, in any administrative data sets, confounding factors that require detailed information on patients' characteristics, such as ethnicity, 6 are often unavailable, possibly resulting in conclusions derived from biased results. Lastly, although large-volume databases are a valuable resource for obstetric research, they do not account for heterogeneity in the quality of care across different hospitals.
We searched the literature up until January 2018, and we were unable to identify any study that used the WHO definitions for severe maternal outcomes among ART pregnancies. Near-miss may provide a reliable identification of the very severe cases, and is plausibly related to maternal mortality, because in some cases without identification and treatment, these conditions would lead to maternal death. Particularly, the use of organ-system dysfunction-based criteria as a measure of morbidity helps to avoid the variation in definitions and outcomes that has been documented in studies that used a list of conditions to identify women who suffered a major adverse outcome during childbirth. 7 The overall prevalence of severe maternal morbidity in this study (6.3% for life-threatening conditions and 0.3% for maternal near-miss events) is consistent with previously reported estimates in Brazil and in the Netherlands, 15, 16 and among singletons born in countries scoring high on the Human Development Index of an international study. 17 
Strengths and limitations
We recognise that the study has some weaknesses: (1) observational studies like this do not have the benefit of ART, assisted reproductive technology; CI, confidence interval; OR, odds ratio. *Adjusted for all covariates: maternal age, multiple gestation, parity, ART pregnancy, pre-existing maternal medical condition, previous caesarean deliveries, actual mode of delivery, onset of labour, and gestational age at delivery. random treatment assignment, and therefore, uncontrolled unknown confounding may still be a potential source of bias; (2) the associations between covariates and the outcome estimated by logistic regression are often imprecise, and are biased in the direction of more extreme values when dealing with a small number of events, and thus this should be considered a hypothesis-generating study and larger confirmatory studies are needed; (3) we cannot separate the control populations into two separate groupsnormal fertile couples and infertile couples who conceive without treatment -to determine the degree to which observed associations are specifically related to the ART procedures versus infertility per se; (4) details about infertility diagnosis and types of infertility treatment received are not recorded in our database, and therefore it remains unclear whether these increased risks are attributable to specific types of ART; (5) the absence of linkage to actual ART treatment records may have led to the misclassification of ART births as non-ART, as a result of parental unwillingness to disclose infertility treatments; and (6) we were not able to control for socio-economic status in our analysis, as information on education or income is not available in our database. The current study was conducted in a region of northern Italy with relatively low economic deprivation and universal coverage of health services via tax-based funding, however. Although both native and immigrant pregnant women are exempt from any costsharing, it has been documented that mothers belonging to ethnic minorities are more likely to receive delayed or inadequate care. 18 Therefore, we used race/ethnicity as a proxy for sociocultural processes affecting health. We acknowledge that there may be significant demographic and outcome differences in patients in other countries with other health care systems, potentially limiting the generalisability of our findings.
The main strength of our study is that we have collected detailed information about medical and obstetric histories in our obstetric database. This allowed us to examine many covariates, and to look at the effects of several confounding factors and mediating factors thought to be on the causal pathway between ART and adverse maternal outcomes, for which data are rarely available when using administrative data sets. Moreover, unlike many criteria used to define morbidity, which often have too low a threshold for the identification of critically ill women, the use of organ-system dysfunction-based criteria for finding cases may allow for a more reliable assessment of morbidity that is significant enough to warrant investigation, and could plausibly be related to maternal mortality.
Interpretation
There is much evidence in the literature to support the hypothesis that adverse pregnancy outcomes linked to ART are associated with abnormal trophoblastic invasion. Numerous findings proved that ART can interfere with placental formation and function, either by modifying the epigenetic status of the conceptus or by impairing endometrial receptivity. 19 Many studies have linked ART to placentarelated adverse pregnancy outcomes, including hypertensive disorders, gestational diabetes, placenta praevia, antepartum and postpartum haemorrhage, and placental abruption. [20] [21] [22] Donor oocyte pregnancy acts as an independent risk factor for placental complications of pregnancy, especially gestational hypertension and pre-eclampsia. 23 Immunological intolerance between the mother and the fetus is suggested to be the reason for obstetric complications in these pregnancies; 24 however, we still need to clarify whether the association between ART and pregnancy complications translates into significant short-term or long-term consequences to a woman's health. Severe maternal morbidity may not only herald maternal mortality but is also associated with significant healthcare cost, long-lasting rehabilitation programmes, and family burden. Based on recent trends in high-income countries, the annual rate of women experiencing severe maternal morbidity has been steadily rising. 25, 26 Increases in severe maternal morbidity are believed to result from a combination of factors, including advanced maternal age, prepregnancy obesity, pre-existing chronic conditions, and caesarean delivery. The results of this study suggest that the increasing use of ART might be one of the determinants of the observed increase in maternal morbidity.
Conclusions
Considerable evidence supports the hypothesis that ART pregnancies are at increased risk of maternal complications. Our study went beyond this, by suggesting that women who conceived through ART may be at elevated risk of potentially life-threatening conditions and near-miss maternal mortality during their delivery, compared with women who did not use ART to conceive. Caution is advised in the interpretation of our conclusions, however, given the small number of events and the potential for unmeasured confounding. If future research confirms that conception with IVF increases severe maternal morbidity, programme managers in the area of maternal health should specifically ensure that pregnancies resulting from ART are more closely monitored and receive specialised care at facilities capable of managing the anticipated risks and outcomes.
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